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PCAEpilepsy is characterized bydisruption of balance between cerebral excitation and inhibition, leading to recurrent
and unprovoked convulsions. Studies are still underway to understandmechanisms lying epileptic seizures with
the aim of improving treatment strategies. In this context, the research on brain tissue membranes gains impor-
tance for generation of epileptic activities. In order to provide additional information for thisﬁeld, we have inves-
tigated the effects of pentylenetetrazol-induced and audiogenetically susceptible epileptic seizures on structure,
content and function of rat brain membrane components using Fourier transform infrared (FT-IR) spectroscopy.
The ﬁndings have shown that both two types of epileptic seizures stimulate the variations in themolecular orga-
nization of membrane lipids, which have potential to inﬂuence the structures in connection with functions of
membrane proteins. Moreover, less ﬂuid lipid structure and a decline in content of lipids obtained from the
ratio of CH3 asym/lipid, CH2 asym/lipid, C_O/lipid, and oleﬁnic_CH/lipid and the areas of the PO2 symmetric
and asymmetric modes were observed. Moreover, based on IR data the changes in the conformation of proteins
were predicted by neural network (NN) analysis, and displayed as an increase in random coil despite a decrease
in beta sheet. Depending on spectral parameters, we have successfully differentiated treated samples from the
control by principal component analysis (PCA) and cluster analysis.
In summary, FT-IR spectroscopymay offer promising attempt to identify compositional, structural and functional
alterations in brain tissue membranes resulting from epileptic activities.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Epilepsy is a heterogeneous collection of neurological disorders that
have common recurrent hypersynchronous activation of neurons in
focal areas or in the whole brain [1]. Even though epilepsy is a clinically
well-known neurological disorder, there is no single treatment strategy
to prevent epileptic conditions. To accomplish new advances for this
concept, the identiﬁcation of seizure-induced changes correlating with
their pathology has been aimed in most of the studies [2]. However,
the research in human needs invasive intervention, therefore; various
animal models have been developed.
Pentylenetetrazol (PTZ)-treated animal models have been widely
used in epilepsy research. Single and repeated injection of PTZ causes
generalized tonic–clonic seizures, which result in similar alterations
observed in human epilepsy [3]. Another model includes a subpopula-
tion of some WAG/Rij (Wistar albino Glaxo from Rijswijk) rats, which
are susceptible to audiogenic (convulsive) seizures. In response to au-
diogenic stimulation WAG/Rij rats show motor seizures involving wild+90 312 210 79 76.running followed by clonic convulsion and/or catalepsy. Since they
display a dual pathology (coexistence of nonconvulsive and convulsive
seizures), such pattern offers mixed form of epileptic model [4].
Fourier transform infrared (FT-IR) spectroscopy has the ability to
investigate the composition, structure and function of biomolecules, to
detect the changes in these parameters induced by any pathological
condition [5–15]. Therefore, over the years, this method has beenwide-
ly addressed for identiﬁcation of disease-conditions in various biological
samples such as isolated membranes and their constituent lipids [6,11,
12]. However, its application in epilepsy and epileptic conditions is
scarce with limited number of reports. We previously investigated
the effects of pentylenetetrazol-induced seizures on whole rat brain
by FT-IR spectroscopy [15]. In other studies, synchrotron radiation
Fourier transform infrared (SRFT-IR) micro-spectroscopy was applied
for analysis of whole rat brain tissue [16] and hippocampus [17] as
well as for examination of accumulated creatine in hippocampus [18]
upon pilocarpine-evoked epilepsy. The effects of epileptic seizures on
rat femur and tibia bone tissue were also detected by FT-IR micro-
spectroscopy [19]. Kumar, et al. [20] reported the pathological changes
in the IgG samples taken from people suffering from epilepsy by using
the same technique.
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largely correlated with its structure. And, membrane structure is fully
mediated through physical properties of fatty acids, polar head groups
of lipid membrane proteins, as well as lipid order, lipid ﬂuidity and con-
tent of membrane components [21]. When brain tissue membrane
functions are considered, the determination of seizure-stimulated
changes on brain tissue membranes has great importance in under-
standing the generation of epileptic conditions. This was suggested by
previous studies focusing on alterations induced by epileptic seizures
on subcellular membrane compartments such as mitochondrial, lyso-
somal and microsomal membranes [22–24]. Under the light of such
background, the aim of the study is concerned with the role of mem-
brane structure and function in development of non-spontaneous
PTZ-induced and audiogenetically susceptible seizures. We designed
our experiment to investigate acute effects of epileptic seizures on
membrane compartments, all of which may have potential role to gen-
erate epileptogenesis.
For this purpose, we used Fourier transform infrared (FT-IR)
spectroscopy. Although FT-IR spectroscopy gives global information
about lipids and proteins rather than providing information about
speciﬁc types of lipids and proteins, it is an effective technique to
study disease-induced early compositional and structural alterations
rapidly and sensitively without need for isolation of particular biomole-
cules [5–15]. We have also predicted the structural changes in mem-
brane proteins using neural networks (NNs) based on FT-IR spectral
data as previously used [15,25]. Finally, both principal component anal-
ysis (PCA) and cluster analysis have been performed to discriminate
treated groups from the control, based on their spectral variations.
2. Experimental
2.1. Chemicals
All chemicals were used without further puriﬁcation. PTZ, sucrose,
trizma base, ethylene diamine tetra acetic acid (EDTA), phenylmethyl-
sulfonylﬂuoride (PMSF), buthylatedhyroxytoluene, magnesium chlo-
ride, pepstatin, and aprotonin were purchased from Sigma (Sigma
Chemical Co., St. Louis, MO, USA). Trichloroacetic acid and hydrochloric
acid were obtained from Merck.
2.2. Animal studies
All procedures were performed in accordance with welfare guide-
lines approved by Ethics Committee (KOU-44543) and all treatment
processes were applied by following the literature.
Adult male Wistar rats weighing 200–250 g were housed in a room
under a constant 12-h light/dark cycle with humidity of 10–50% having
free access to standard rat food and tap water. Three groups as control
(n = 6), PTZ-induced (n = 6) and audiogenetically susceptible group
(n = 5) were designed. All animals were treated once a day for ﬁve
days. After each injection, the monitored seizures were scored based
on literature, for both treated groups [26,27]. Since all animals come
from the same strain ofWistar rats, only one group of control consisting
of wild type Wistar rats was used as carried out in earlier studies [26].
This group received intraperitoneal (i.p.) physiological saline and key
ringing and, no epileptic seizure was observed. The PTZ-group was
intraperitoneally injected by convulsant dose (60 mg/kg) once a day.
PTZ-induced convulsions were scored according to Racine 26] as
follows: stage 0; no response, stage 1; ear and facial twitching, stage 2;
convulsive waves through the body, stage 3; myclonic jerks, stage 4;
clonic–tonic seizures, and stage 5; generalized clonic–tonic seizures.
For the entire PTZ-group, the seizures were interpreted as 4.2 ± 0.3,
which reﬂects stage 4 and stage 5, and lasted 400 ± 30 s. To induce
audiogenetically susceptible seizures, audiogenetically susceptible
WAG/Rij rats were placed in a testing chamber and sound stimulation
was provided by a short manual shake of a bunch of keys (6–10 metaldoor keys on a metal key-ring) held at 50 cm above the ﬂoor of the
box. The frequency and intensity of the soundweremeasured by Biopac
MP36 Data Acquistion System (St Barbara, CA,USA) and by sound
level meters Lutron SL-4012 (Taipei, Taiwan). The peak frequency of
sound stimulation was approximately 6.7 kHz with a wide range of
2–14 kHz. The intensity of sound ranged from 80 to 90 dB. Upon this
stimulus, several phases of seizures occur. The intensity of audiogenic
seizures was estimated with four level scale as proposed by Krushinski
and Molodkina [28]. Stage 0; lack of audiogenic seizures, 1; wild run-
ning, 2; clonic seizures with the rat lying “on its” belly, 3; continuation
of clonic seizures with the animal turning on its side, and 4; end of sei-
zures with tonic phase. The seizures were scored as 3.2± 0.6 and lasted
79± 5 s. Subsequently, at the end of ﬁve days following the observation
of the last seizure, the animals were sacriﬁced for FT-IR spectroscopic
study, and the brains were quickly dissected out.
2.3. Sample preparation for FT-IR study
For the isolation of plasma membrane from rat brain, a method
optimized by Scott and co-workers [29] was followed. The solutions
were prepared in advance:
(A) 0.25 M sucrose, 10 mM Tris–HCl, 1 mM MgCl2, pH 7.4, density
1.03 g/mL (1.3450)
(B) 0.25 M sucrose, density 1.03 g/mL (1.3450)
(C) 2.0 M sucrose, 10 mM Tris–HCl, 1 mM MgCl2 pH 7.4, density
1.26 g/mL (1.4297)
Brieﬂy, each brain tissue was chopped in Reagent A containing
pepstatin, aprotinin and PMSF and homogenized with a tissue homoge-
nizer using a loose-ﬁtting Teﬂon pestle. Then, 10,000 lbs pressure to ho-
mogenate was applied by French pressure cell (Thermo, Electron). After
ﬁltration, the homogenate was diluted with Reagent A, and centrifuged
for 10 min at 300 ×g and 0–2 °C. The supernatant was collected and
pellet was resuspended in Reagent A, then, it was centrifuged again.
The supernatants from two extractions were pooled and centrifuged
for 15 min at 1500 ×g, 0–2 °C. The resulting supernatant was resus-
pended in Reagent A and was homogenized by 10-second strokes of
the loose-ﬁtting pestle. Then, suspension volume was increased using
Reagent C, transferred to a centrifuge tube, and carefully overlaid
with 4 mL of Reagent B. Afterwards, the sample was centrifuged at
104,000 ×g for a max of 75 min at 2 °C. Membrane structures, which
formed a layer at the interface, were collected and resuspended in
Reagent B and homogenized as before with strokes of the loose-ﬁtting
pestle. Finally, the membrane fractions were centrifuged at 1500 ×g
for 20min. The resulting pellet was resuspended in Reagent B andman-
ually homogenized using Teﬂon glass homogenizer. The suspension
was composed of the membranes originating from various membrane
components. This membrane preparation was stored at −80 °C till
FT-IR study.
2.4. FT-IR spectroscopic study
IR spectrawere acquired using Perkin Elmer Spectrum100 FT-IR spec-
trometer (Perkin Elmer, Norwalk, CT, USA) equipped with a deuterated
triglycine sulfate (DTGS) detector. The sampleswere continuously purged
with dry air. The interference of atmospheric water vapor and carbon di-
oxide was automatically removed by subtraction of background from the
sample spectra. To obtain the best quality spectrum, scanning parameters
were optimized by following the earlier studies with mammalian tissue
samples [6,12,15,25,30]. 15 μL samples were placed between ZnSe win-
dowswith a spacer to obtain 12 μmsample thickness. All spectrawere re-
corded at the wavenumber range of 4000–900 cm−1. Interferograms
were averaged for 200 scans at 2 cm−1 resolution at 25 °C. For each
scan, the spectra of three independent aliquots from the same sample
were recorded to minimize any variability, and to check the precision of
the absorbance values. These replicates belonging to the same source
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age spectrum was then used for data evaluation and statistical analysis.
The water absorption bands overlap the modes of proteins (1700–
1500 cm–1) and lipids (3050–2800 cm−1), therefore; the buffer (con-
taining Tris–HCl, MgCl2 and PMSF) spectrum was subtracted from
each spectrum using Perkin Elmer Spectrum One software as described
by our group [6,15,25] and others [30,31]. Thewavenumber valueswere
measured as the center of weight of the peak. The bandwidth values
were calculated as width measured at a 0.80 fraction of the absorption
in terms of cm−1.
For visual demonstration of the spectral differences among groups,
baseline correction and normalization were carried out by the same
software. For normalization process, the earlier studies [6–9,15,25,32]
were followed and min–max normalization was applied. The linear
baseline correction was standardized with respect to 4000, 2750, 1800
and 1000 cm−1 base points.2.5. Protein secondary structure prediction
Amide I band between 1700 and 1600 cm−1 resulting from proteins
was evaluated for the analysis of their secondary structure. The neural
networks (NNs)were ﬁrst trained using a data set including FT-IR spec-
tra of 18 water soluble proteins recorded in water applying the method
described previously [33]. The secondary structures of these proteins
were known from X-ray crystallographic analysis. Amide I band was
preprocessed prior to NN analysis. Preprocessing involves normaliza-
tion and discrete cosine transformation (DCT). To improve the training
of the NNs, the size of the data set was increased by interpolating the
available FT-IR spectra. NNswere trained using Bayesian regularization.
For each structure parameter, a separate NNwas trainedwhose number
of inputs, i.e. the number of DCT coefﬁcients, and number of hidden
neuronswere optimized. The trainedNNshave standard error of predic-
tion values of 4.19% for alpha-helix, 3.49% for beta-sheet and 3.15% for
turns. The secondary structure parameters of the proteins were predict-
ed by applying to the inputs of the trained NNs the preprocessed FT-IR
data [33].2.6. Principal component analysis (PCA)
Principal component analysis (PCA) program was kindly provided
by Prof. Erik Goormaghtigh. Grouping of spectra into clusters and the
extent to which these clusters correspond to classes of sample are
derived within the regions between 3050 and 900 cm−1, 3050 and
2800 cm−1 and 1700 and 1600 cm−1 utilizing the original absorption
spectra. PCA offers two types of information: clustering and identiﬁca-
tion of variables among the groups. It is a statistical data reduction
method that transforms the original spectra into a new set of uncorre-
lated eigenvectors. These components are independent from each
other and listed in order according to howmuchof the original data var-
iance is accounted for by each component. Thus, in PCA each spectrum
appears as a single point in n-dimensional space, which represents the
characteristic structure information of the data along different eigen-
vectors retaining as much of the information in the original variables
as possible. This enables the spectra to be described as a function of spe-
ciﬁc properties, and not a function of intensities. The outcome of the
analysis can be presented as scatter plots [8,32]. From the obtained
plots, sensitivity and speciﬁcity parameters were calculated in different
spectral ranges as performed in Severcan, et al. [14]. Brieﬂy, negative
(true and false) and positive values (true and false) were identiﬁed
according to treated and control samples. The sensitivity measures the
proportion of actual positives such as the percentage of treated rats de-
ﬁned as having disease; and the speciﬁcity measures the proportion of
negatives such as the percentage of control rats, which do not have
disease.2.7. Cluster analysis
Hierarchial cluster analysiswas performed on the secondderivatives
of all spectra using thirteen smoothing point Savitzky–Golay algorithm
on the frequency range between 3050 and 900 cm−1, 3050 and
2800 cm−1 and 1700 and 1600 cm−1. The spectra were ﬁrst vector
normalized over the investigated frequency range and then Ward's
algorithm was used to construct dendrograms by OPUS 5.5 (Bruker
Optic, GmbH). The spectral distance was calculated between pairs of
spectra as Pearson's product moment correlation coefﬁcient [14,15].
Similarly to PCA, both speciﬁcity and sensitivity values were also calcu-
lated for each spectral region.
2.8. Statistical analysis
FT-IR spectral parameters and the results of NN predictions were
compared by one-way ANOVA with Bonferroni correction in order
to test the signiﬁcance of the differences between the control and treat-
ed groups. The results with corrected p values were expressed as
mean ± standard deviation. A p value of less than 0.05 was considered
signiﬁcant (p b 0.05*, p b 0.01**).
3. Results
Figs. 1 and 2 show normalized infrared spectra of control, PTZ-
induced and audiogenetically susceptible groups of rat brain tissue
membranes in the 3050–2800 cm−1 and 2000–900 cm−1 regions,
respectively. The assignments of bands based on literature are given in
Table 1. In Fig. 1, the spectra were normalized with respect to the CH2
asymmetric stretching band at 2925 cm−1, while the spectra were nor-
malized with respect to Amide I band at 1645 cm−1 in Fig. 2. Numerical
comparisons of band areas, frequencies, band area ratios and band-
widths are presented in Table 2. The difference in the spectral values
between the control and treated groups appeared to be modest, but
the alterations are consistent and statistically signiﬁcant with marginal
standard deviations. One feature of FT-IR spectroscopy, storage of
acquired spectra in digitally encoded format, facilitates spectral inter-
pretationwith the aid of post-acquisition datamanipulation algorithms.
Such option provides the accurate detection of small changes even in
weak absorption bands [5–7,9,15].
Statistical analysis revealed a signiﬁcant (p b 0.05*) decrease in
the areas of the oleﬁnic_CH (3015 cm−1), the CH2 asymmetric
(2921 cm−1), the C_O stretching (1736 cm-1), the COO− symmetric
stretching (1400 cm−1), the PO−2 asymmetric (1236 cm−1) and the
PO−2 symmetric stretching (1080 cm−1)modes (Table 2). Additionally,
detailed analysis of Amide I (1645 cm−1) and Amide II (1540 cm−1)
absorptions showed signiﬁcantly (p b 0.05*) lowered area values for
treated groups (Fig. 2 and Table 2). To minimize the probability of
any artifact caused by variation in experimental conditions, the ratios
of some speciﬁc modes (CH3 asymmetric, CH2 asymmetric, C_O
stretching, oleﬁnic_CH) to the lipid (the sum of the CH2 asymmetric
and symmetric stretching) were calculated. Lipid to protein ratio was
measured by taking the ratio of lipid (the sum of the CH2 asymmetric
and symmetric stretching) to protein (the sum of the Amide I and
Amide II). A signiﬁcant (p b 0.05*) increase in lipid to protein ratio, de-
spite a decrease in CH3 asym/lipid, CH2 asym/lipid, C_O/lipid and
oleﬁnic_CH/lipid ratios were observed compared to control group
(Table 2).
As illustrated in Fig. 2 and Table 2, the wavenumber values of the
C_O, the PO−2 asymmetric and the PO−2 symmetric stretching
modes of lipids signiﬁcantly (p b 0.05*) shifted to lower values.
Alterations in lipid order and ﬂuidity can be determined by probing
the vibrational modes in the C–H stretching region [5–9,15]. As shown
in Table 2 and Fig. 2, two bandwidth values of CH2 asymmetric and sym-
metric modes for audiogenetically susceptible group were signiﬁcantly
decreased (p b 0.05*), while a slight variation for PTZ treated group
Fig. 1. Representative FT-IR spectra of control, PTZ-treated and audiogenetically susceptible groups in the region between 3050 and 2800 cm−1. The spectrawere normalizedwith respect
to the CH2 asymmetric stretching at 2925 cm−1. The peaks in the spectra were assigned in Table 1.
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and 2851 cm−1 (CH2 asymmetric) towards higher frequencies was
signiﬁcant (p b 0.05*) only for audiogenetically susceptible group, but
not for the PTZ-treated group.
The results of NNpredictions, are presented in Fig. 3. A prominent in-
crease (p b 0.05*) in random coil and signiﬁcant decrease (p b 0.05*)
in beta sheet structures were predicted, and a profound increment
(p b 0.05*) in alpha helix was estimated, only for audiogenetically sus-
ceptible group.
Fig. 4 demonstrates PCA and cluster analysis dendrogram based
on the spectral differences in the regions 3050–900 cm−1, 3050–
2800 cm−1 and 1700–1600 cm−1. As illustrated, control and treated
groups were successfully discriminated with a high accuracy. PTZ-
induced and audiogenetically susceptible groups displayed 100% speci-
ﬁcity and 100% sensitivity values for all three different spectral regions.Fig. 2.Representative FT-IR spectra of control, PTZ-treated and audiogenetically susceptible grou
the Amide I at 1645 cm−1. The peaks in the spectra were assigned in Table 1.4. Discussion
The communication of neurons is dependent on a balance between
excitatory and inhibitory systems, therefore; the processes of neuro-
transmission are tightly regulated. Various presynaptic, synaptic, and
postsynaptic elements control the communication between neurons
in the multiple and complex neuronal networks. For example, under
normal conditions neurons sense the presence of GABA and glutamate
in the vicinity and it switches on special pumps on their membranes.
Critically, the level can be disrupted in the case ofmembrane instability.
In such cases, the pumps onmembranes can no longer copewith the sit-
uation and both glutamate and c-aminobutyric acid (GABA) activities
become dysfunctional [34]. This state is a display of imbalance between
excitatory and inhibitory modes in neurotransmission. Concerning re-
ceptor–membrane interactions, both lipid and proteinmolecules distortps in the region between 2000 and900 cm−1. The spectrawere normalizedwith respect to
Table 1
General band assignments of average FTIR spectrum of rat brain tissue membranes based
on the literature.
No Wavenumber
(cm−1)
Deﬁnition of the spectral assignments
2 3012 HC_CH stretching: unsaturated lipids
3 2956 CH3 asymmetric stretching: lipids and protein side chains
4 2925 CH2 symmetric stretching: mainly lipids, with a little
contribution from proteins
5 2870 CH3 symmetric stretching: mainly protein side chains
with a little contribution from lipids
6 2852 CH2 symmetric stretching: mainly lipids, with a little
contribution from lipids
7 1736 Saturated ester C_O stretch: phospholipids, cholesterol esters
8 1645 Amide I (mainly C_O stretch): proteins
9 1547 Amide II (C_N and N–H stretching): proteins
10 1400 COO− symmetric stretching: fatty acids
11 1236 PO2− asymmetric stretching: phospholipids
12 1080 PO2− symmetric stretching: phospholipids
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ceptor and/or ion channel function by the structure of the surrounding
lipid bilayer [35]. For instance, the structures adopted by the parts of a
membrane protein that are located in the lipid head group region are
determined, in part, by hydrogen bonding to the head groups. Taking
into account that membrane lipids and proteins are strictly in contact,
any variation in the ratio of these molecules such as unsaturated to
unsaturated lipids and lipid to protein alters membrane thickness and
curvature, which in turn affects lipid order and ﬂuidity [6,36,37]. Fluid-
ity and order parameters together with hydrophobic thickness of bilay-
er have prominent role in regulatingmanymembrane functions, such as
signal transduction, solute transport, and enzyme activity, associated
with membranes [6,9,36]. Here, we investigated these parameters in
order to obtain information about the presence of any disorder or dis-
ruption of membrane systems that might lead to their structural alter-
ations, which show the imbalance between inhibitory and excitatory
systems. All of these results are indications of structural alterations of
membranes which in turn might cause conformational changes in re-
ceptors including GABA and glutamate.Table 2
Thewavenumber, band area, area ratios and bandwith values of FTIR bands for control, PTZ-trea
the mean ± standard deviation for each sample. The degree of signiﬁcance was denoted as * o
Functional
group
Control
(n = 6)
PTZ-treated
(60 mg/kg) (n = 6)
Frequency values
CH2 asymmetric 2921.22 ± 1.11 2922.45 ± 0.34
CH2 symmetric 2851.81 ± 0.37 2852.74 ± 0.44
C_O 1736.09 ± 0.07 1734.72 ± 1.37
PO−2 asymmetric 1236.88 ± 3.45 1232.40 ± 1.15
PO−2 symmetric 1080.92 ± 0.58 1078.92 ± 2.76
Band area
Oleﬁnic_CH 1.41 ± 0.03 1.25 ± 0.02
CH2 asymmetric 16.25 ± 0.09 15.25 ± 0.78
C_O 6.41 ± 0.07 5.78 ± 1.37
Amide I 27.47 ± 1.78 26.90 ± 1.23
Amide II 13.27 ± 2.14 11.95 ± 1.01
COO− symmetric 3.99 ± 0.06 3.72 ± 0.34
PO−2 asymmetric 9.41 ± 0.14 9.06 ± 0.08
PO−2 symmetric 10.54 ± 0.11 9.75 ± 0.61
Band area ratios
Oleﬁnic_CH/lipid 0.06 ± 0.006 0.05 ± 0.004
CH2/lipid 0.62 ± 0.09 0.61 ± 0.02
CH3 asym/lipid 0.33 ± 0.004 0.32 ± 0.001
C_O/lipid 0.28 ± 0.08 0.25 ± 0.17
Lipid/protein 0.59 ± 0.002 0.61 ± 0.001
Bandwidth
CH2 asymmetric 13.18 ± 0.07 13.03 ± 0.10
CH2 symmetric 7.09 ± 0.23 6.79 ± 0.14Due to being the main components of membrane, any alteration in
lipid content has a pivotal impact on membrane properties. It is worth
noting again that IR spectroscopic technique lacks providing quantita-
tive information particularly for a single type lipid and protein. Howev-
er, in optical spectroscopy, according to Beer–Lambert law it is possible
to use the intensity and/or, more accurately, the area of the absorption
bands in order to obtain relative concentration information of the corre-
sponding functional groups [5–9,15,38]. This has been previously con-
ﬁrmed by biochemical assays by us for lipid peroxidation products
[15] and for proteins [8]. By utilizing this feature of FT-IR spectroscopy,
in the current studywe have evaluated areas and area ratios of lipid and
protein modes.
The integrated area of the oleﬁnic_CH band can be used as an index
of relative concentration of double bonds in the lipid structure from un-
saturated fatty acyl chains and/or lipid peroxidation end products [6,8,9,
12,14,15,39–41]. We found a signiﬁcant (p b 0.05*) decrease in area of
the oleﬁnic band and oleﬁnic_CH/lipid ratio for both PTZ-induced
and audiogenetically susceptible groups. It should be noted that, with
FTIR spectroscopy one cannot distinguish whether the reduction in
the area of oleﬁnicmode is due to a decrease in the concentration of un-
saturated lipids or due to lipid peroxidation. Themain reason of this re-
duction can be the release of glutamate throughout epileptic activity
activating phospholipases, which use membrane lipids as reservoirs to
produce secondmessengers, prostaglandins and leukrotines, and to en-
hance further glutamate release [42,43]. During this process, unsaturat-
ed lipids are most susceptible to be metabolized since they account for
more than 20% of total fatty acids of brain [44]. On the other hand, as
a perspective, it has to be mentioned that enhanced oxidative stress
and changes in antioxidant capacity, both of which leading to mem-
brane lipid peroxidation, are considered to play an important role in
the pathogenesis of epileptic seizures, also shown by several reports in
the literature [42,43,45–47]. In addition, it is well-known that when
lipid peroxidation increases, the amount of unsaturated lipids, and con-
sequently the area/intensity of oleﬁnic mode decreases [5,9,38,41]. In
line with these ﬁndings, our results show a reduction in the amount of
unsaturated lipids in brain tissue membranes of PTZ-induced and
audiogenetically susceptible groups, to which lipid peroxidation may
also contribute. There are some mechanisms for the production of theted and audiogenetically susceptible groups for rat brain tissuemembranes. The values are
n corrected p-values.
p values Audiogenetically susceptible
(n = 5)
p values
0.129 2924.17 ± 0.53 0.005*
0.150 2854.70 ± 0.61 0.002*
0.004* 1732.17 ± 1.39 0.031*
0.028* 1231.32 ± 0.87 0.039*
0.052 1075.58 ± 2.12 0.033*
0.045* 1.09 ± 0.07 0.039*
0.042* 14.51 ± 1.14 0.011*
0.037* 5.06 ± 0.45 0.005*
0.018* 26.01 ± 1.03 0.036*
0.040* 10.47 ± 0.14 0.049*
0.195 2.71 ± 0.19 0.047*
0.254 8.78 ± 1.17 0.029*
0.022* 8.28 ± 0.47 0.033*
0.019* 0.04 ± 0.002 0.037*
0.295 0.60 ± 0.11 0.015*
0.024* 0.31 ± 0.002 0.026*
0.045* 0.22 ± 0.51 0.040*
0.049* 0.63 ± 0.003 0.017*
0.290 12.83 ± 0.06 0.011*
0.021* 6.43 ± 0.82 0.055*
Fig. 3. Bar diagram of protein secondary structural variations for control, PTZ-treated and audiogenetically susceptible groups.
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One of such mechanisms is mitochondrial respiratory chain (MRC),
which is known as the major source of ROS in cells. The attack of ROS
to mitochondrial membrane lipids gives rise to disruption of electron
transport chain (ETC) components, resulting in mitochondrial dysfunc-
tion. Lipid peroxidation-induced mitochondrial dysfunction during sei-
zures had been already demonstrated [42]. Moreover, same molecules
are also generated with metabolism of arachidonic acid (AA) upon the
activation of phospholipases with the release of excitatory neurotrans-
mitters [42,43] as mentioned above. In addition, the reduced form of
glutathione (GSH), themost effective free radical scavenging compound
in the nervous system,was found to be impaired during epileptic condi-
tions as shown by examination of epileptic patients [45].
In addition to a decrease in unsaturated lipid content the lower
ratios of CH2/lipid, C_O/lipid and CH3 asym/lipid together with a
decrease in the CH2 asymmetric, the C_O, the PO−2 symmetric and
the PO−2 asymmetric and the COO− symmetric stretching modesFig. 4.PCAanalysis of the FT-IR spectra of brain tissuemembrane in control (red), PTZ (green), an
(c) 1700–1600 cm−1 regions. The percentages between brackets represent the proportion of va
audiogenetically groups in the (d) 3050–900 cm−1, (e) 3050–2800 cm−1, (f) 1700–1600 cm−
methods.areas may have also resulted from the breakdown of already existing
membrane lipids [6,7,15,48] or synthesis of lipids in insufﬁcient amount
in both treatment groups [48,49]. This situation may be also viewed as
an impairment in energy metabolism; since phospholipid synthesis is
an energy demanding process depending on mitochondrial function
[42,45,49]. Furthermore, c-hydroxybutyric acid (GHB), whose primary
precursor is GABA, naturally exists in mammalian brain cell membrane
[50]. Since GABA levels in brain are declining throughout epileptic
seizures, this could cause low production of GHB at the same time.
The decrement in membrane lipids indicates shortened chain lengths,
consequently altered lipid composition and distribution [6,9,15,25].
This fact could affect the overall surface charge of the membrane
and its interaction with peripheral and integral membrane proteins,
might account for altered membrane function as demonstrated for
Na/K-dependent ATPase action [51]. On the other hand, the change
in lipid proﬁle may represent an imbalance in the distribution of
inner and outer leaﬂets of the bilayer, which further points to lipidd audiogenetically susceptible (blue) groups in (a) 3050–900 cm−1, (b) 3050–2800 cm−1,
riance held in the principal components. Hierarchial clustering of control, PTZ-treated and
1 spectral range. Average absorbance spectra were used to construct the clusters in both
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be a compensatory change such as variation in membrane curvature
and thickness [6,9,52].
Various types of membrane proteins like membrane-bound
enzymes, ion channels and receptors are involved in the generation of
epileptic seizures that are deﬁned as the result of excessive, abnormal
and synchronized nerve cell activity [1]. Among these, integral mem-
brane proteins interact with fatty acyl chains of membrane lipids
through hydrophobic matching. In contrast, peripheral membrane pro-
teins are predominantly bound to lipid head groups by electrostatic and
hydrogen-bond interactions [15,21,53]. Because of this bilateral associ-
ation between membrane components, physical properties of host
lipid molecules and proteins can mutually impact their conformation,
and hence their activity as shown in both model and biological mem-
brane systems [54–56]. In order to gain information about protein struc-
ture and chemical features of membrane lipids, which determine their
organization and packing within bilayer, we have monitored the fre-
quency changes of the CH2 asymmetric, the CH2 symmetric, the C_O,
the PO−2 asymmetric and symmetric stretching bands. The CH2 asym-
metric and the CH2 symmetric modes are used to investigate physical
state of lipids and membrane order [6,9,25]. A signiﬁcant change in
thepositions of theCH2 bands to higher frequencies for audiogenetically
susceptible group indicates a substantial increment in gauche con-
formers in acyl chains [6,25,57]. This may further cause loose packing
ofmembrane [57,58]. In addition, the shifts in the C_O, the PO−2 asym-
metric and PO−2 symmetric modes to lower wavenumbers, also ap-
peared to be more profound for audiogenetically susceptible group,
which imply an increase in the hydration state of the glycerol backbone
near the hydrophilic part and polar head group of the membrane lipids.
The hydrogen bonding might be between water molecules and the ox-
ygen molecules of both carbonyl and phosphate groups of phospho-
lipids or hydrophilic protein residues [25]. This is likely from the
activation of the enzymes that change lipid head group size inﬂuencing
the area occupied by the lipids [21,52]. All variations in lipid packing
may directly affect their interaction with hydrophobic and hydrophilic
residues of proteins, and thereby membrane insertion of proteins,
which have been shown to especially modulate the cell-lytic properties
of alpha helical transbilayer peptide [59]. Accordingly, due interactions
of lipids with proteins, the rearrangement of lipids may also result
from the changes in structure and topology membrane proteins. For
instance, the rough surface of a membrane protein brings about poor
packing of acyl chains. Otherwise, a rigid protein surface reduces the
motional ﬂuctuations of hydrocarbon chains and forcing them to tilt.
Subsequently, lipids become conformationally disordered to maximize
contact with the protein, as also investigated by the shifting of CH2
stretchingmodes to higher degrees [60]. On the other hand, the packing
of membrane lipids in a different manner may affect functions of glyco-
lipids and glycoproteins whichmay operate as cell receptors and be re-
sponsible for cell signaling [61]. All of these changes inmembrane lipids,
effective in membrane protein conformation and activity, may play a
fundamental role for the generation of epileptic seizures.
The elucidation of the conformation of membrane proteins
enables structure–function analyses in pathophysiological conditions [1,
61–64]. However, membrane proteins are located within hydrophobic
environment of the bilayer and they tend to be unstable when extract-
ed. In recent years, NNmethod has been used to predict protein second-
ary structure [6,8,15,33]. According toNN results of the presented study,
both treatments caused signiﬁcant changes, as predominantly indicated
by a decrease in beta sheet and random coil structures, and a signiﬁcant
increase in alpha helix only for audiogenetically susceptible group
(Fig. 3). In particular, the increment in random coil structure represents
protein denaturation, leading to dysfunction [5,6,15,25] as also docu-
mented for some membrane proteins like glucose transporters and
Na/K ATPase in epileptic conditions [1,64]. The signiﬁcant increase in
alpha helix speciﬁcally in audiogenetically susceptible group might
have resulted from disordered membrane structure as displayed bythe frequency changes of CH2 stretching bands. This might suggest
thatmembrane proteins are forced by such potency of increased surface
of fatty acyl chains readily interacting with hydrophobic monomers of
membrane spanning domain of proteins, which is mostly alpha helix
motif. In a different mechanism, in response to any stimulating factor
voltage dependent K+ channels, acetylcholine receptors and many
other transmembrane receptors and ion channels can be clustered
[65]. By this way, membrane spanning domains of these proteins are
then conformationally altered to stabilize membrane curvature [21,52,
54]. Hence, structural changes in proteins together with the altered
lipid organization resulted from epileptic seizures may possibly alter
membrane dynamics.
FT-IR spectroscopy allows simultaneous investigation of lipid and
protein structure and composition, in membrane systems, as overall.
Here, we have speciﬁcally focused on lipid to protein ratio to detect
the variations on the lipid and/or protein asymmetry due to its impor-
tance in cellular functions [6,9,37]. The similar approachwas performed
in our previous studies [5–9,15,25]. An increment in lipid to protein
ratio, which is more profound in audiogenetically susceptible group,
suggests an increase in lipid content or a decrease of proteins, or both
[7,9,15].Wehave observed a reduction in both lipid and protein content
for both treated groups but the degree of decrement in proteins was
higher than that of lipids. The decline in protein content may have aris-
en from protein degradation due to activation of proteasomes aswell as
attacks of free radicals [5,15,66,67]. Particularly, these kinds of alter-
ations in raft arrangement may result in the reduced intrinsic anisotro-
py. Together with the changes in chemical composition of membrane
components, altered lipid to protein ratiomay give rise to a dynamic in-
stability via the retraction of membrane connection with the intracellu-
lar cytoskeletal elements [68]. Such events may account for membrane
perturbation and may prove loss of viability, which was correlated
with a permanent loss of membrane integrity during epileptic activi-
ty [64].
We have found a reduction in lipid ﬂuidity in both treated groups.
This ﬁnding is in accordance with the study performed on erythrocyte
membranes obtained from epileptic patients [69] but not with the
reports on other cellular membranes [22–24,70]. In those studies, in-
creasedmembrane ﬂuidity for subcellular membranes of mitochondria,
microsomes, lysosomes and endoplasmic reticulum upon the occur-
rence of epileptic seizureswere reported. These studieswere performed
with puriﬁed membrane systems. However, our results showed a de-
crease in membrane ﬂuidity. Since we cannot exclude the possibility
that our preparation does containmembrane compartments in addition
to cell membrane, there is a probability that, cumulatively the ﬂuidity
might appear as decreased due to the presence of other membrane
compartments in addition to cell membrane. Decrease in ﬂuidity
might have various consequences. Double bonds in unsaturated lipids
cause the formation of kinks which force the molecules further apart
and allow for more movement. But, the low content of these lipids
might have led to the loss of freedom of motion in membranes. Addi-
tionally, an increase in cholesterol/phospholipid ratio [71], rigid sur-
faces of membrane proteins [60] and the formation of cross-linking
between the lipid-lipid and protein-lipid moieties [9,15] can be men-
tioned as reasons for less ﬂuid lipids. Lipid ﬂuidity is strictly controlled
for proper functioning of membrane receptors, since it is involved in
providing energetic constraints to select for certain membrane proteins
with adapted trans-membrane segments [72]. Thus, a lowered mem-
brane ﬂuidity found in the current study can be another indication of
functional changes of membrane proteins.
Based on their spectral variations, all groups analyzed were success-
fully discriminated in the region of 3050–2800 cm−1, 1700–1600 cm−1
and 3050–900 cm−1. Three distinct clusters in PCA and cluster analysis
corresponding to control and treated groups refer to the epileptic activ-
ities induced by PTZ injection and audiogenetical stimulation leading to
signiﬁcant variations in brainmembranes in terms of the content, struc-
ture and composition of membrane components. Particularly, 100%
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the variations found in brain tissuemembranes have potential to gener-
ate precondition for the development and expression of seizures even if
they are triggered by different stimuli.
In order to reduce the occurrence of epileptic seizures, antiepileptic
drugs are developed to act on the elements playing role in excessive
neuronal ﬁring. Therefore, most of the therapeutic strategies of antiepi-
leptic drugs are focused on stabilizing the membrane, increasing
GABAergic transmission, decreasing excitatory amino acid transmission
and prevention of depolarization by acting on ion channels [73]. The
structure and proper functioning of brain membrane compartments
are important in the maintenance of the equilibrium in neuronal com-
munication. In neuronal networks, direct or indirectmodulation of anti-
epileptic agents has potential to normalize the disruption in membrane
systems which might lead to imbalanced excitation and inhibition.
5. Conclusion
Our ﬁndings suggest that both types of epileptic convulsions cause
several alterations in the molecular content, structure and function
of brain tissue membrane that may contribute to the stimulation of
epileptic activity. In particular, a decrease in lipid and protein content,
andmembrane ﬂuiditywere observed.We have also found a signiﬁcant
change in lipid packing, which is pivotal in membrane curvature. Addi-
tionally, an altered structural proﬁle for membrane proteins was
predicted with an increase in random coil whereas a decrease in beta
sheet in both treatment groups. In summary, ourﬁndings showing com-
positional and structural changes detected by FT-IR spectroscopy and
predicted with NN analysis indicate possible membrane based factors
playing important roles in the generation of epileptic activities.
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